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Binding of the Termination Factor Nsil to Its Cognate DNA Site Is
Sufficient To Terminate RNA Polymerase I Transcription In Vitro and
To Induce Termination In Vivo

Philipp Merkl, Jorge Perez-Fernandez, Michael Pilsl, Alarich Reiter,* Lydia Williams,* Jochen Gerber, Maria B6hm,* Rainer Deutzmann,
Joachim Griesenbeck, Philipp Milkereit, Herbert Tschochner

Universitdt Regensburg, Biochemie Zentrum Regensburg, Lehrstuhl Biochemie Ill, Regensburg, Germany

Different models have been proposed explaining how eukaryotic gene transcription is terminated. Recently, Nsil, a factor in-
volved in silencing of ribosomal DNA (rDNA), was shown to be required for efficient termination of rDNA transcription by RNA
polymerase I (Pol I) in the yeast Saccharomyces cerevisiae. Nsil contains Myb-like DNA binding domains and associates in vivo
near the 3’ end of rRNA genes to rDNA, but information about which and how DNA sequences might influence Nsil-dependent
termination is lacking. Here, we show that binding of Nsil to a stretch of 11 nucleotides in the correct orientation was sufficient

to pause elongating Pol I shortly upstream of the Nsil binding site and to release the transcripts in vitro. The same minimal
DNA element triggered Nsil-dependent termination of pre-rRNA synthesis using an in vivo reporter assay. Termination effi-
ciency in the in vivo system could be enhanced by inclusion of specific DNA sequences downstream of the Nsil binding site.
These data and the finding that Nsil blocks efficiently only Pol I-dependent RNA synthesis in an in vitro transcription system
improve our understanding of a unique mechanism of transcription termination.

ellular multisubunit RNA polymerases of all three domains of

life share common structural and functional features. After
initiation of transcription at their cognate gene promoters, they
extend the transcripts until they reach specific DNA cis elements,
at which transcription is terminated. Termination occurs when
the contacts of the RNA-DNA hybrid within the elongating RNA
polymerase are destabilized. Termination finally results in the
stopping of RNA synthesis, release of the transcript, and dissoci-
ation of the RNA polymerase from the DNA template (reviewed in
reference 1). A first step in the termination pathway can be the
pausing of the elongating polymerase, which is then followed by
the disruption of the elongation complex.

Dissociation of the ternary elongation complex formed by
RNA polymerase, RNA, and DNA can be caused either by auxil-
iary protein factors or solely by interactions of DNA and RNA
with the transcribing RNA polymerase. Both principles, factor-
dependent and intrinsic termination, have been described for bac-
terial transcription termination (reviewed in reference 1). In the
case of eukaryotic RNA polymerase II (Pol II), either 3'-end pro-
cessing factors of the mRNA or the yeast RNA-DNA helicase Sen1
(human senataxin) was suggested to disrupt the ternary complex
(reviewed in references 2 and 3). This might resemble Rho-depen-
dent termination in bacteria in which the ATP-dependent RNA-
DNA helicase Rho destabilizes the elongation complex (4, 5; for a
review, see reference 1). RNA polymerase III (Pol III) termination
resembles the other bacteria-like termination mechanism, the in-
trinsic termination, in which the RNA-DNA hybrid is destabilized
by a stem-loop in the nascent RNA (6, 7) (8).

In contrast to these mechanisms of transcription termination,
Pol I requires a termination factor which binds to a specific DNA
sequence to pause elongation 15 bp upstream of its binding site
and to release the transcripts (reviewed in reference 9). In mouse,
binding of the transcription termination factor TTF1 to a con-
served 18-bp DNA element was shown to be sufficient to stop Pol
I transcription in vitro (10-12) and to release the transcripts with
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the help of Pol I transcript release factor (PTRF) (13, 14). The
same DNA cis element was able to terminate transcription in vivo
(12). Adjacent DNA elements could modulate termination effi-
ciency. In the yeast Saccharomyces cerevisiae association of the
TTF1 and Myb homologue Rebl protein to its cognate 11-bp
binding site pauses the elongating Pol I in vitro. The presence of a
10- to 15-bp T-rich stretch (T-rich 1) (see Fig. 1A) 12 to 20 bp
upstream of the Reb1 binding site supported pausing of transcrip-
tion and release of the transcript, suggesting that Reb1 binding in
addition to the T-rich stretch is sufficient to terminate transcrip-
tion in vitro (15, 16). In vivo analyses of yeast Pol I termination
further pointed to the importance of the Reb1 binding site and the
upstream T-rich 1 stretch for termination (17). Pol I readthrough
at the minimal terminator element resulted in transcription ter-
mination at a downstream T-rich element (T-rich 2) (17-19) or at
the replication fork barrier (RFB) (20). The latter was dependent
on the presence of the “Fork blocking less” protein Fob1 (21, 22)
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(for structural organization of the Pol I terminator cis elements see
Fig. 1A).

More recently, proteins involved in 3’-end processing of pre-
rRNA were suggested to be involved in Pol I termination, and a
more complex in vivo termination model arose (20, 23-25). This
model implicated cotranscriptional cleavage of a stem-loop in
pre-rRNA downstream of the rRNA coding region by the endo-
nuclease Rntl. The newly formed 5" RNA end serves as an entry
point for the exonuclease Ratl. Subsequently, Ratl progressively
degrades the Pol I-associated transcript from the 5’ end with the
help of the 5" polynucleotide kinase Grc3 and the helicase Senl.
After Ratl reaches Pol I in a torpedo-like fashion, the ternary
transcription elongation complex is thought to be dissociated. In
accordance with the described in vitro model, pausing of the elon-
gating Pol I at the Rebl binding site was also considered an im-
portant prerequisite to trigger termination in the in vivo torpedo
model. However, no significant association of Reb1 with its bona
fide binding site at the terminator could be observed in vivo. In
contrast, the Rebl homologue Nsil was found to be associated
with the Rebl binding site at the yeast terminator (26, 27). Ge-
nome-wide DNA association studies indicated that Nsil recog-
nizes the same DNA sequence motifas Reb1 (28). Accordingly, we
refer in the following to the previously described putative Reb1-
binding sequence at the terminator as the Nsil binding site. Sim-
ilar to Reb1 and to the mammalian termination factor TTF1, Nsil
contains three Myb-like DNA binding domains. It was shown that
Nsil binding to the 322-bp terminator element TER, which con-
tains the 3’ end of the rRNA gene including the T-rich 1 element,
the Nsil binding site, the T-rich 2 element, and the replication
fork barrier RFB (see also Fig. 1A), is required for efficient tran-
scription termination (26). Whether other cis elements of the ter-
minator region contribute to Nsil-dependent transcription ter-
mination and the specific role of Nsil in the termination process
remain to be elucidated. In particular, the following questions
were addressed in this work: (i) Which cis elements are involved in
Nsil-dependent Pol I transcription termination in vitro and in
vivo? (ii) Does Nsil interact with all nuclear RNA polymerases in
in vitro transcription reactions? (iii) Is Nsil binding sufficient for
pausing and/or release of transcripts?

In vitro experiments using highly purified protein factors were
used to determine the minimal terminator elements required for
pausing and release of transcripts. The role of these terminator
elements in transcription termination in vivo were then analyzed
using a recently published reporter assay (26). In summary, these
experiments suggested that the presence of the Nsil binding site in
the correct orientation and Nsil binding are sufficient to termi-
nate Pol I transcription upstream of its binding site in vitro. In
agreement with this, Nsil appears to be strictly required for effi-
cient Pol I termination in vivo.

MATERIALS AND METHODS

Yeast strains, plasmids, oligonucleotides, and construction of tran-
scription templates. Oligonucleotides, plasmids, and yeast strains used in
this work are listed in Tables S1, S2, and S3 in the supplemental material.
Molecular biological methods and transformation of yeast cells were per-
formed according to standard protocols (29-31). The generation of tran-
scription templates is described in the supplemental material.
Purification of Nsil. Nsil was expressed as an N-terminal FLAG-
tagged fusion protein in Sf21 insect cells. A recognition site for tobacco
etch virus (TEV) protease was located between the FLAG tag and Nsil. A
total of 50 X 10°® infected Sf21 cells were resuspended in 40 ml of TAP 300
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buffer (see Table S4 in the supplemental material for components), and a
crude cell extract was prepared by sonication for 5 min with a pattern of a
30-s pulse and a 30-s pause using the macrotip (output 5; Branson Soni-
fier). Cell debris was removed by centrifugation (4,000 X g for 15 min at
4°C), and the supernatant was added to 50 wl (100-pl slurry) of anti-
FLAG M2 beads (Sigma-Aldrich) equilibrated three times with 5 ml of
TAP 300 buffer. The suspension was incubated on a rotating wheel at 4°C
for 2 h. After centrifugation (130 X gfor 5 min at 4°C) the supernatant was
removed, and the beads were washed three times with 10 ml of TAP 100
buffer (see Table S4 in the supplemental material) (without protease in-
hibitors [PIs]) each. For elution, the beads were resuspended in 100 .l of
TAP 100 buffer (without PIs), transferred to a microreaction tube, and
incubated with 8 ul of TEV protease (2.6 mg/ml) for 2 h at 16°C with
gentle shaking. The suspension was centrifuged at 16, 000 X g for 5 min at
4°C, and the supernatant was loaded on a MobiCol column (MoBiTec).
For removal of the remaining beads, the column was spun again
(16,000 X g for 5 min at 4°C). Each sample taken during the purifica-
tion process was analyzed via SDS-PAGE to monitor the purification
success, and the protein concentration in the elution fraction was de-
termined.

Purification of yeast RNA polymerases. Wild-type (WT) RNA poly-
merases I, II, and III (Pol I, II, and IIT) were purified from yeast strains
y2423 (Pol 1), y2424 (Pol IT), and y2425 Pol III (see Table S3 in the sup-
plemental material) via a protein A (ProtA) affinity tag. In each strain, the
second largest subunit of one polymerase is expressed as a C-terminal
fusion protein with a protein A tag. Between the C terminus of the subunit
and the protein A part, a recognition site for TEV protease is located. A
20-ml YPD (yeast extract, peptone, dextrose) culture was grown to sta-
tionary phase at 30°C. From this culture, 2 liters of YPD was inoculated to
an optical density at 600 nm (ODy,) such that it would result in an ODg,
of 1.5 after overnight cultivation at 30°C. Atan OD, of 1.5, the cells were
harvested (4,000 X g for 6 min at room temperature [RT]) and washed
with ice-cold water. Cells were split in aliquots representing a 400-ml
culture volume and again spun down (4,000 X g for 6 min at 4°C). Cell
aliquots were frozen in liquid nitrogen and stored at —20°C.

Polymerase purification was performed with one to four cell aliquots
in a 4°C room. Cells were thawed, washed in 5 ml of P1 buffer (see Table
S4 in the supplemental material) supplemented with protease inhibitors
(PIs) and spun down again (4,000 X g for 6 min at 4°C). The pellet was
weighed and resuspended in 1.5 ml of P1 buffer plus PIs per gram; 0.7 ml
of this solution was added to 2-ml reaction tubes containing 1.4 g of glass
beads (diameter, 0.75 to 1 mm; Roth). Cells were lysed on an IKA Vibrax
VXR basic shaker at 2,200 rpm at 4°C for 15 min, followed by a 5-min
incubation on ice. This procedure was repeated four times. The cell ex-
tract was cleared from glass beads by perforation of the cup at the bottom
and cap and a centrifugation step (150 X g for 1 min at 4°C). Cell debris
was removed by centrifugation at 16,000 X g and 4°C for 30 min. The
protein content of the supernatant was determined using a Bradford as-
say. The lysate was supplemented with NP-40 to a concentration of 0.5%,
and PIs were added. Equal protein amounts (usually 1 ml of cell extract, 30
to 40 mg) were incubated with 200 pl of IgG (rabbit serum, I5006-
100MG; Sigma)-coupled magnetic bead slurry (1-mm BcMag, FC-102;
Bioclone) for 1 h on a rotating wheel. The slurry had previously been
equilibrated three times with 500 l of P2 KCl buffer (see Table S4 in the
supplemental material). The beads were washed three times with 700 wl of
the respective P2 KCl buffer plus PIs and then washed three times with 700
pl of P2 potassium acetate (KOAc) buffer. For elution, the beads were
resuspended in 25 pl of P2 KOAc buffer supplemented with 3 .l of TEV
protease (2.6 mg/ml). Cleavage was performed for 2 h at 16°C in a ther-
momixer at 1,000 rpm. The supernatant was collected, the beads were
washed with 25 pl of P2 KOAc buffer, and the two fractions were com-
bined. The elution fraction containing either Pol I, I, or III was split into
10-pl aliquots, frozen in liquid nitrogen, and stored at —80°C. Each sam-
ple taken during the purification process was analyzed by SDS-PAGE and
Coomassie staining to monitor the purity of the elution fraction. Protein
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concentration was determined by comparing Coomassie staining of RNA
polymerase subunits to the Coomassie staining of a bovine serum albu-
min (BSA) titration series.

The initiation-active Pol I-Rrn3 complex was purified from strain
BSY420 Rrn3-ProtA (strain number y2183) which overexpresses Rrn3-
TEV-ProtA-His, under the control of an GAL1/10 promoter on plasmid
YCplac111-GAL-Rrn3-ProtA (plasmid number 729). The strain was
grown in YPR (yeast extract, peptone, raffinose) medium for 24 h, and
Rrn3 overexpression was induced with 2% galactose for 3 h. The cells were
lysed and proceeded to yield the PA600 fraction, which contains all factors
required for Pol I transcription initiation in vitro, as described by H.
Tschochner (32). Imidazole and NP-40 were added to the PA600 fraction
to a concentration of 5 mM and 0.1%, respectively. For affinity purifica-
tion, Talon affinity resin (Clontech) was equilibrated in buffer 1 (buffer
P600 consisting of 20 mM HEPES, pH 7.8, 20% glycerol, 600 mM potas-
sium acetate, and 1 mM MgCl, supplemented with 5mM imidazole, 0.1%
NP-40, 5 mM B-mercaptoethanol). One hundred microliters of affinity
resin was used per ml of the PA600 fraction (2.5 mg/ml). After 2 h of
incubation the suspension was poured into a disposable column. Flow-
through was collected, and the column was washed with 30 ml of buffer B
(20 mM HEPES, pH 7.8, 20% glycerol, 1.5 M KOAc, 5 mM MgCl,, 0,1%
NP-40, 5 mM B-mercaptoethanol, 2 mM benzamidine, 1 mM phenyl-
methylsulfonyl fluoride [PMSF]) and 30 ml of buffer C (buffer B but with
600 mM KOACc). Proteins were eluted with 100 mM imidazole in buffer C.
Pol I subunits including subunit A12.2 were identified by mass spectrom-
etry.

Generation and purification of recombinant core factor in baculo-
virus-infected insect cells through FLAG-tagged Rrn7. cDNAs coding
for the core factor subunits Rrn6, Rrn7, and Rrnll were amplified by
PCR. Rrn6 with six copies of a His tag and three copies of a hemagglutinin
tag (Rrn6-6His-3XHA) and Rrn7-FLAG were both inserted in plasmid
pSPL; Rrnll was cloned in plasmid pFL (33, 34) by standard cloning
techniques (29). Sf21 insect cultures were maintained and infected with
recombinant baculoviruses as described previously (35). Oligonucleo-
tides and plasmids are listed in Tables S1 and S2, respectively, in the
supplemental material. Purification of core factor from Sf21 cells by
FLAG-tagged Rrn7 was performed according to Hierlmeier et al. (35) with
some modifications. A total of 50 X 10° cells were lysed in 30-ml of
ice-cold TAP 100 buffer [50 mM HEPES-KOH, pH 7.8, 100 mM KCl, 5
mM Mg(OAc),, 2 mM benzamidine, 1 mM PMSF, 0.1% Tween 20] using
a Branson Sonifier 250 (output 5, duty cycle 40%, 30-s pulse, and 30-s
cooling; six repeats), and cell debris was removed by centrifugation (at
4°Cfor 20 min at 3,300 X g).The cleared cell lysate was incubated with 200
wl of previously equilibrated anti-FLAG M2 affinity agarose (Sigma) for 2
h at 4°C while being inverted on a rotating wheel. The agarose was washed
three times with 10 ml of TAP 100 buffer and TAP 200 (TAP100 but with
200 mM KCl) buffer. For elution of bound proteins, 50 to 100 wl of TAP
200 buffer was added to the beads together with 0.2 mg/ml FLAG peptide.
After incubation for 3 h at 4°C and inversion, the whole suspension was
loaded on a disposable spin column (Mobicol), and the eluted proteins
were separated from the agarose by centrifugation for 1 min at 2,000 rpm
and 4°C.

In vitro transcription. In vitro transcription using tailed templates
was performed according to H. Tschochner (32) with some modifica-
tions. Templates (10 nM) were preincubated in reaction buffer (see Table
$4 in the supplemental material) with 0.5 mM each ATP, UTP, and GTP
and 24 pM CTP for 15 min at room temperature. Then 1.25 uM
[a->*P]CTP was added for RNA detection. If applicable, preincubation
was done in the presence of 88 nM Nsil. Controls contained an equal
amount of Nsil elution buffer. Reactions were started by addition of the
RNA polymerase and allowed to proceed for 30 min at 30°C. Reactions
were stopped by addition of proteinase K, and the RNAs were extracted by
ethanol precipitation. Transcripts were separated on a denaturing poly-
acrylamide gel and directly visualized. For quantification, signals were
normalized to the signal intensity of the reference transcript in each lane
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using Multi Gauge (Fuji). Then, the ratio of the full-length transcripts in
the presence versus absence of Nsil was calculated, and the result is indi-
cated as pausing percentage. Promoter-dependent transcription was per-
formed as previously described (32).

Modification of the ribosomal DNA (rDNA) locus in S. cerevisiae.
Insertion of DNA elements into the internal transcribed spacer 1 (ITS1)
locus of yeast strains was performed as previously described (26). Details
about plasmid construction are described in the supplemental material.

Analysis of generation times. Strains containing the empty YCplac33
plasmid or plasmid pNsil::Nsil were precultivated in selection medium
(lacking Ura [ —Ura]) containing glucose. The generation time was deter-
mined by measuring the increase in cell density upon cultivation in
96-well plates at 30°C in selection medium (—Ura) containing glucose
using a Tecan (Infinite 500) reader. Strains containing empty plasmid
Ycplac181 or pGAL::Nsil were precultivated in selection medium (—Leu)
containing raffinose, and galactose was added to a final concentration of
2% when galactose induction was required.

RESULTS

Nsil pauses Pol I-dependent transcription in an in vitro tran-
scription assay. Previous in vivo experiments revealed that Nsil
bound to the 3’ end of rRNA genes is required for efficient Pol I
termination in yeast. In a first attempt to address more directly the
role of Nsil in transcription termination, we made use of a tailed-
template in vitro transcription assay (36—39) in which RNA poly-
merases can initiate transcription in the absence of specific pro-
moter sequences or transcription initiation factors. Thereby, the
effect of Nsil on transcriptional pausing could be assayed under
highly defined conditions in which purified RNA polymerase and
Nsil were the only protein fractions added. This allowed a direct
comparison of transcription elongation of yeast RNA polymerases
L, II, and III in the absence and presence of Nsil.

It was important to distinguish between the general impact of
Nsil addition on the in vitro transcription reaction and the effect
of Nsil mediated by the DNA cis element. Therefore, each reaction
mixture contained a tailed template including the putative Nsil
binding site and, in addition to that, a control template (254 bp),
which did not contain rDNA terminator elements (Fig. 1A; see
also Fig. S1 in the supplemental material). Highly purified recom-
binant Nsil was obtained from baculovirus-infected insect cells
(Fig. 1B). Furthermore, tagged RNA polymerase I, II, or III was
affinity purified from yeast cell extracts using a one-step affinity
purification protocol (see Materials and Methods). Affinity-puri-
fied RNA polymerases were highly enriched (Fig. 1C) without
significant cross-contamination with other RNA polymerases or
with elongation factors as monitored by comparative mass spec-
trometry (see Fig. S2 in the supplemental material). Salt condi-
tions of the respective transcription reaction mixtures were ad-
justed such that all polymerases synthesized RNA in an identical
buffer with approximately the same efficiency (see Fig. S3).

Purified Nsil blocked Pol I elongation just upstream of the
Nsil-binding site and gave rise to a transcript of an approximate
length of 210 nucleotides (nt) (Fig. 1D). The amount of read-
through transcript was reduced to about 50% (Fig. 1D, compare
lanes 1 and 2; note graph at right). In contrast, Pol II transcription
was not significantly affected in the presence of Nsil (Fig. 1D). Pol
III transcription was also slightly affected by Nsil since a shorter
transcript became visible in the presence of Nsil (Fig. 1D, lanes 5
and 6). Most Pol III-dependent transcripts were, however,
stopped at the T-rich 2 element in the template DNA, which con-
tains a stretch of 16 consecutive thymidine nucleotides. This is
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FIG 1 Nsil pauses efficiently Pol I transcription at the Nsil binding site in tailed-template transcription assays. (A) Schematic representation of the DNA
matrices for tailed-template assays. Transcription is initiated on a 24-nt single-stranded 3’ extension of the template strain. The transcription start site is
indicated with a black arrow. Yeast 35S rDNA terminator region cis elements are depicted with red (T-rich 1), orange (Nsil binding site), and light green
(T-rich 2) boxes. Two cyan boxes embedded in a gray rectangle represent the RFB 1 and RFB 3 regions within the replication fork barrier. The DNA
stretches shown in dark blue and dark green of the reference template and of template TER denote sequence identity of the respective template sections.
TER refers to the region from bp +70 to bp +414 with respect to the 3’ end of the 25S rDNA and with the Nsil binding site stretching from +109 to +119.
Note that the DNA sequence coding for the Rnt1 cleavage site is not included. The reference template (254 nt) contains the same 3’ extension to start
transcription but no DNA sequence from the terminator region. (B) Coomassie-stained gel of recombinant Nsil purified from Sf21 cells via FLAG
immunoprecipitation (see Materials and Methods). Ten percent of the eluate derived from lysates of 50 X 10° infected cells was separated on an SDS gel.
A red asterisk marks the band representing Nsil, and an arrow indicates TEV protease. (C) Coomassie-stained gel of affinity-purified yeast RNA Pol I, II,
and III. Pol I, II, and I1I were purified from yeast strain y2423, y2424, and y2425 in which subunits A135, Rpb2, and C128 are expressed with C-terminal
protein A tags, respectively (see Materials and Methods). Ten percent of affinity-purified Pol I/II/III from a cell lysate representing an 800-ml culture
volume at an ODy, of 1.5 was loaded on an SDS gel. Bands representing the two large subunits of each polymerase and TEV protease are indicated (see
also Fig. S2 in the supplemental material for comparative mass spectrometric analysis). (D) In vitro transcription reactions were carried out in the presence
of a template carrying the complete 355 rDNA terminator region (TER) and the reference template which did not contain putative termination elements.
Experiments were conducted with one-step purified Pol I, II, and III. Final template concentration was 10 nM each. Nsil was preincubated with the
template (+) and the nucleoside triphosphates for 15 min at room temperature before the reaction was started by addition of 7.5 nM RNA Pol I. Nsil
concentration was 88 nM. Control reactions (—) were supplemented with Nsil storage buffer and processed equally. Transcription was stopped after 30
min by addition of proteinase K. The RNAs were extracted and separated on a denaturing polyacrylamide urea gel, and the radiolabeled transcripts were
visualized side-by-side with an RNA marker which was in vitro transcribed with T7 RNA polymerase. Cartoons visualize the length and identity of the in
vitro-transcribed RNAs. For quantification, signal intensities of TER full-length transcripts (757 nt) were normalized to reference full-length transcript
(254 nt) signal intensities in the respective lanes. Then, the ratio of the normalized TER full-length transcript signal intensities in presence (+) versus
absence (—) of Nsil was calculated. Experiments were conducted at least in duplicate, and mean values were plotted. Error bars represent 1 standard
deviation of the sample. (see Fig. S1 in the supplemental material for template specific transcription reactions).

3820 mcb.asm.org Molecular and Cellular Biology


http://mcb.asm.org

consistent with previous observations that transcribing the Pol III
complex can be paused and eventually disrupted when Pol III
encounters a poly(T) stretch of more than 7 T residues (40, 41).
These findings suggest that Nsil can specifically stop elongating
Pol I in proximity of its binding site in vitro.

Identification of DNA elements required to pause elongating
Pol I in the presence of Nsil. To analyze which DNA cis element
of the terminator region contributes to pause Nsil-dependent Pol
I transcription, a set of tailed templates was constructed (Fig. 2A).
DNA templates contained different combinations of DNA ele-
ments previously implicated in yeast Pol I termination. Thus, tem-
plates included the Nsil binding site in both orientations in com-
bination with the T-rich 1 element and the further downstream
elements, the T-rich 2 element and the replication fork barrier
(RFB) (Fig. 2A). Figure 2B shows that almost no shorter tran-
scripts could be detected if the Nsil binding site was inverted or
omitted (Fig. 2B, compare lane 1 with lanes 3 and 5 and corre-
sponding quantitation). Paused transcripts could also be detected
in the absence of the upstream T-rich 1 element from the DNA
template (compare lanes 1 and 7). However, pausing was not as
efficient when the T-rich 1 element was lacking (46% versus 80%
full-length transcripts, respectively). On the other hand, removal
of the RFB including the T-rich 2 element did not significantly
weaken transcriptional pausing (Fig. 2B, lanes 9 to 14). This indi-
cates that the DNA elements downstream of the Nsil binding site
have almost no impact on Nsil-dependent Pol I pausing in vitro.

The experiments therefore indicated that the crucial DNA ele-
ment for Nsil-dependent transcriptional pausing is the Nsil
binding site and that pausing is further enhanced by the presence
of the upstream T-rich 1 stretch. These results largely resemble
those of previous experiments studying Reb1-dependent termina-
tion of Pol I transcription in vitro (15).

DNA-bound Nsil is sufficient to stop Pol I transcription and
to release paused transcripts in a promoter-dependent in vitro
transcription assay. Tailed-template transcription could occur
without formation of a transcription bubble if both DNA strands
are only displaced and not rejoined after the transcribing poly-
merase (42). To analyze the impact of template-bound Nsil on
Pol I elongation under more physiological conditions, a promot-
er-dependent in vitro transcription assay was developed. In a min-
imal Pol I transcription system, two additional initiation factors,
Rrn3 and core factor (CF), are required in addition to purified Pol
I (43, 44). Recombinant CF was purified from insect cells (Fig.
3A), and Rrn3 was purified in complex with Pol I from a yeast
strain overexpressing Rrn3 (Fig. 3B). Addition of affinity-purified
Rrn3-Pol I complex to purified CF in promoter-dependent tran-
scription reaction mixtures produced a strongly labeled promot-
er-dependent runoff transcript (Fig. 3C, lane 3). Omission of ei-
ther Rrn3-Pol I or CF resulted in a nearly complete loss of
transcriptional activity (Fig. 3C, lanes 1 and 2). The promoter-
dependent assay resulted in a single round of transcription, as
determined by addition of heparin to the promoter-bound Pol I
complex before addition of nucleotides (see Fig. S4 in the supple-
mental material). Pol I could be significantly blocked at the Nsil
binding site upon addition of Nsil (Fig. 3C, lane 4). In the pres-
ence of Nsil, 49% = 2.8% of the transcripts were aborted at the
Nsil binding site. In contrast, pausing efficiency was significantly
reduced when the T-rich 1 element was missing. Only about
16% = 3.1% of the shorter transcripts were detected in the pres-
ence of Nsil (Fig. 3D). Since transcription reactions were per-
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formed using templates attached to magnetic beads, the amount
of released transcripts could be estimated. Whereas most (more
than 80%) of the full-length transcript remained associated with
the beads (Fig. 3C, lanes 5 and 6), the presence of Nsil caused the
release of 55% * 2.6% of the shorter transcript into the superna-
tant (Fig. 3C, compare lanes 5 to 8). Interestingly, without the
T-rich 1 element, about 66% = 7.9% of the aborted transcripts
were released to the supernatant, suggesting that the T-rich stretch
supports pausing rather than the release efficiency in this in vitro
transcription assay (Fig. 3D, lanes 1 to 4). In summary, these ex-
periments indicated that a significant proportion of elongating
Pol I aborts in vitro transcription and releases the nascent RNA
when it encounters DNA-bound Nsil.

The Nsil binding site is sufficient for Nsil-dependent termi-
nation using an in vivo reporter system. A recently published in
vivo reporter assay (26) was used to compare the results obtained
from the in vitro experiments with in vivo termination. In this
system growth reduction of genetically modified yeast strains
served as a readout for transcription termination. DNA elements
were integrated in the internal transcribed spacer 1 (ITS1) ele-
ments of all of the 150 to 200 rDNA copies to search for sequences
interfering with elongating Pol I. If the integrated DNA elements
were involved in Pol I termination, synthesis of 5.8S and 25S
rRNA encoded 3’ of the ITS1 sequence was inhibited, which led to
growth defects (26). This reporter assay was used to analyze in
more detail which combinations of cis elements of the terminator
region affect cell growth, likely as a consequence of premature Pol
I termination. We employed NSII deletion strains (see Table S3 in
the supplemental material) which showed some, however not very
pronounced, increase in generation time when the TER region or
any other combination of cis elements contained in the TER re-
gion was integrated into ITS1 (Fig. 4, empty vector) (26). These
mild effects (Fig. 4A and B, lanes 7 to 12) could be due to Nsil-
independent termination mechanisms or general toxic effects of
the insertions.

Generation times were compared after transformation with
the control plasmids YCPlac33 (empty pNSI) and YCPlac181
(empty pGAL), a plasmid encoding Nsil under the control of its
own promoter (pNSI1:NSI1) (Fig. 4A), or a plasmid encoding
Nsil under the strong galactose-inducible GAL1/10 promoter
(pGAL:NSI1) (Fig. 4B). When Nsil was expressed under the con-
trol of its own promoter, insertion of TER resulted in an extended
doubling time (Fig. 4A, compare lane 2 with lanes 1 and 8). Omis-
sion of the RFB led to a substantial reduction of the doubling time,
which was, however, still significantly higher than the doubling
time of a strain carrying no insertion at ITS1 of the rDNA repeats
(Fig. 4A, compare lane 3 with lanes 1 and 9). In contrast, removal
of the T-rich 1 element led to only a minor reduction in generation
time (Fig. 4A, compare lanes 3 and 5). Changing the orientation of
the Nsil binding site resulted in similar generation times as ob-
served in strains carrying no insertion at the ITS1 (Fig. 4A, com-
pare lanes 4 and 6 with lane 1). These analyses suggest that the Nsil
binding site in the correct orientation is sufficient for premature
termination and that the RFB rather than the T-rich 1 element
supports this effect in a strain expressing Nsil under the control of
its endogenous promoter.

The observed growth defects were enhanced when GAL1/10
promoter-driven Nsil expression was induced by incubation of
the respective strains in galactose-containing medium (Fig. 4B,
right panel, lanes 7 to 12). Strikingly, under these conditions in-
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FIG 2 Association of Nsil to the Nsil binding site (BS) is sufficient to pause Pol I elongation. (A) The schematic representation of the tailed-template constructs
is explained in the legend to Fig. 1. An arrow indicates whether the respective cis element is in physiological or inverted (inv) orientation regarding the direction
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FIG 3 Association of Nsil at its cognate binding site is sufficient to terminate Pol I transcription in a minimal promoter-dependent transcription assay. (A) Coomassie-
stained gel of one-step affinity-purified core factor (CF). Core factor subunits Rrn6, Rrn7, and Rrn11 were coexpressed in Sf21 insect cells infected with recombinant
baculovirus. FLAG-Rrn7 was purified with anti-FLAG affinity matrix according to Materials and Methods. Then, 2.5% of the FLAG eluate derived from lysates of 50 X
10 infected cells was separated by SDS-PAGE. CF subunits were identified by mass spectrometry. (B) Coomassie-stained SDS-PAGE of purified yeast Pol I-Rrn3
complex. Pol I-Rrn3 complex was purified from yeast strain y2183 which expresses His- and ProtA-tagged Rrn3 under the control of an inducible GAL1/10 promoter
(see Materials and Methods). After 3 h of induction with galactose, a 20-liter culture was harvested at an ODy, of 1.5 and lysed. Thirty percent of affinity-purified Pol
I/Rrn3 was loaded on an SDS gradient gel. Pol I subunits (all Pol I subunits including A12.2) and Rrn3 were identified by mass spectrometry. (C and D) Binding of Nsil
to its cognate binding site is sufficient to halt transcription and release transcripts in a promoter-dependent termination assay. 3" biotinylated templates which carry the
biotinylation downstream of the Pol I promoter were immobilized on streptavidin-coupled magnetic beads. Preincubation of Nsil with the template DNA was done as
described in the legend to Fig. 1. Transcription was started by addition of 2 .l of RNA Pol I-Rrn3 complex and 0.5 pmol of core factor and allowed to proceed for 30 min
at room temperature. Samples were processed as a whole or fractionated in pellet (P) and supernatant (S) before RNA extraction. Presence of Nsil, core factor, and Pol
I'in the reactions is indicated. A cartoon visualizes the identity of the transcripts. For quantification of termination efficiency, the ratio of terminated and the sum of
full-length and terminated transcripts was calculated. For quantification of release efficiency, the ratio of terminated transcripts in the supernatant and the sum of
terminated transcripts was calculated. The C content of each template was included in the calculation.

sertion of the Nsil binding site alone in correct orientation led to  while addition of the T-rich 1 element alone resulted in no signif-
significant growth inhibition compared to a strain carrying no icant increase in generation times (Fig. 4B, compare lane 11 with
insertion in the ITS1 (Fig. 4B, right panel, compare lane 9 with  lane 9). No extended generation times were observed if the Nsil
lanes 7 and 10). The growth defect was further enhanced when the  binding site had the inverted orientation (Fig. 4B, right panel,
Nsil binding site was combined with the RFB element (lane 8) lanes 10 and 12). In a control experiment no significant differ-

of the elongating polymerase. Templates missing the T-rich 1 element start at position +96 with respect to the 3’ end of the 255 rDNA. (B) Transcription
reactions were carried out as described in the legend of Fig. 1 in the presence of a template carrying the complete 35S rDNA terminator region (TER) or derivatives
thereof (Fig. 1A) and the reference template. Nsil and Pol I concentrations were 88 nM and 7.5 nM, respectively. The length of the readthrough transcript
depended on the length of the inserted cis elements and varied from 757 nt (template containing the entire TER) to 269 nt when only the Nsil binding site was
present. The presence (+) or absence (—) of Nsil is indicated. Calculations and error analyses were conducted as outlined in the legend to Fig. 1.
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FIG 4 DNA cis element analysis in an artificial in vivo termination system and dependence on Nsil (over)expression. (A) Influence of terminator cis elements on
doubling time is dependent on whether Nisil is ectopically expressed under the control of its own promoter. The indicated terminator cis elements TER, Nsil binding site
(Nsil-BS), inverted Nsil binding site (Nsil-BS inv), T-rich Nsil, and inverted T-rich Nsil (T-rich Nsil inv) were integrated into the ITS1 of all (DNA copies, resulting
instrains y2281,y3097, y3098, y3099, and y3100, respectively, in which chromosomal NSI1 was deleted. As a control, strain y2276 was used, carrying an unmodified ITS1
but also lacking the chromosomal copy of NSI1. The strains were transformed with either plasmid 2172 (pNSI::NSI1), which expresses Nsil under the control of its own
promoter (left panel), or with the empty vector 49 (pNSI, right panel). Doubling times (at least biological triplicates) of the different strains were determined from the
growth curves obtained in a Tecan reader (see Materials and Methods). SCD, synthetic complete medium containing glucose. (B) Influence of terminator cis elements
on growth rates and dependence on Nsil overexpression. Experiments were conducted as described for panel A but after transformation of yeast strains y2276, y2281,
¥3097, y3098, y3099, and y3100 with either plasmid 52 (pGAL:NSI1), which overexpresses Nsil under the control of a GAL1/10 promoter (right panel), or an empty
vector 52 (pGAL) as a control. The transformed strains were cultivated in synthetic complete selection medium containing raffinose (SCR). Then, Nsil expression was
induced by the addition of galactose to a 2% final concentration (synthetic complete medium containing galactose, SCG) or repressed in glucose-containing medium
(SCD). Doubling times were determined at least in biological triplicates using a Tecan reader.
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ences in doubling times were observed in glucose-containing me-
dium with strains carrying the different ITS1 insertions and being
transformed with an empty vector (Fig. 4B, left panel). Generation
times of these strains were generally increased to a similar extent
when galactose as opposed to glucose was used as a carbon source
(compare Fig. 4B, empty vector control, lanes 1 to 12).

Altogether, these experiments suggest that a correctly oriented
Nsil binding site is sufficient to promote Nsil-dependent Pol I
termination. Termination efficiency can be further enhanced by
the T-rich 1 element, as indicated by the in vitro analyses shown
above, and the RFB element, as seen in the in vivo reporter assay.
Our in vivo data suggest that additional trans-acting factors could
support Nsil to efficiently terminate Pol I transcription in vivo.
This could be especially true for factors interacting with the RFB
sequence since this element enhanced termination in vivo (Fig. 4)
but not in vitro using purified Pol I and Nsil (Fig. 2).

DISCUSSION

Nsil was recently described as a nonessential nucleolar protein
involved in silencing and preserving stability of the ribosomal
DNA locus as well as in terminating Pol I transcription (26, 27).
While Pol I-dependent termination was intensively studied in
vitro using Reb1 as a termination factor, equivalent analyses were
missing for the Rebl homologue Nsil. Such analyses became es-
pecially important since Nsil rather than Rebl is associated with
the terminator-proximal Reb1 binding site and since it was shown
that Nsil expression is required for Pol I termination in vivo (26).
The in vitro results employing tailed DNA templates and purified
Pol I and Nsil match overall with previously published results
describing Rebl as a termination factor for Pol I transcription in
yeast (15, 16, 45). Accordingly, the presence of a DNA-bound
termination factor is sufficient to terminate Pol I transcription. In
addition, the T-rich element upstream of the Nsil binding site
supports factor-dependent termination. Nsil terminated RNA
polymerase I transcription, whereas neither Pol I nor Pol ITI tran-
scription termination was comparably affected in the employed in
vitro assay. These results resemble those obtained in experiments
investigating mammalian RNA polymerase I transcription termi-
nation by the transcription termination factor TTF1 (12, 38, 46).
Hence, at least in such an artificial in vitro system, a specific mo-
lecular interplay between Pol I and Nisil is required to promote
transcription termination.

Nsil-dependent pausing efficiency was about 50% in both
tailed-template and promoter-dependent transcription. In both
assays the presence of the upstream T-rich element supported
pausing efficiency. While the presence of the T-rich element in-
creased the number of Nsil-dependent shorter transcripts, it did
not significantly influence the efficiency of transcript release in the
promoter-dependent assay. This is in contrast to previous in vitro
results using Rebl as a termination factor in tailed-template as-
says, which suggested that the T-rich element functions especially
as a release element (16, 47). These differences could be due to
either specific features of the two homologous Myb-related pro-
teins or the employed initiation-active Pol I fraction. Another ex-
planation could be that possibly occuring DNA strand separation
in tailed-template assays (39) provides different structural re-
quirements to pause and release transcripts.

In the in vivo reporter system for Pol I termination, the T-rich
1 element did not significantly contribute to termination, espe-
cially when Nsil was overexpressed. In contrast, the presence of
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the RFB sequence led to a higher termination efficiency in vivo
whether Nsil was overexpressed or not, whereas the sequence was
not required for efficient transcription termination with purified
factors in vitro. These in vivo data are in accordance with previ-
ously published experiments wherein in vivo termination was
studied using reporter assays with rDNA minigenes. It was shown
that deletion of the T-rich 1 element did not affect termination
efficiency in WT strains (Fig. 4B) (25). Mapping of the pre-rRNA
3’ end in WT strains revealed that either one (17) or three (18)
DNA sequences downstream of the Nsil binding site can behave
as additional terminator sequences. In strains lacking the exonu-
clease Ratl, Pol I could transcribe even through these DNA ele-
ments, especially when the RFB binding protein Fob1 was lacking
(20). These studies underline that the RFB and associated factors
could contribute to Pol I termination in vivo. This could be
achieved through facilitated recruitment of Nsil to its binding site
through the replication fork binding protein Fob1, which was re-
cently reported (27). On the other hand, Nsil binding to its 11-bp
binding site in the vicinity of a random DNA sequence is sufficient
to execute at least Pol I termination to some extent.

Our findings suggest that Pol I termination does not necessar-
ily depend on additional factors (13, 14, 48) or upstream RNA
secondary structures to release stalled transcripts as has been pub-
lished for bacterial transcription termination (49) or recently for
yeast Pol III termination (8). Since the sequence coding for the
stem-loop that contains the Rntl cleavage site upstream of the
T-rich 1 element (50-52) was absent from any of the templates
used to analyze in vivo termination of transcription, our analyses
also suggest that Rnt1 cleavage and the subsequent RNA degrada-
tion by Rat1 are not absolutely required to execute Pol I termina-
tion (20, 23). The same notion applies to the T-rich 1 element
which was suggested to function as fail-safe cleavage site (25).
However, secondary RNA structures and/or torpedo-like destabi-
lizing mechanisms could certainly support Nsil-triggered termi-
nation.

Fail-safe mechanisms might explain why Pol I transcription
can still be terminated although the gene coding for Nsil is lacking
and why Nsil is not essential for growth. However, in the absence
of Nsil, there appears to be readthrough by Pol I downstream of
the Nsil binding site, which might interfere with binding of Fobl1,
the silent regulator protein Sir2, or Netl (nucleolar silencing es-
tablishment factor and telophase regulator protein). This in turn
could lead to increased rDNA recombination, reduced rDNA sta-
bility, and replicative life span (9, 27).
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